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Nucleotide sequence analysis of the genome of the baculovirus Bombyx mori nuclear polyhedrosis virus (BmNPV) identified
18 homologues of the Autographa californica NPV (AcNPV) lefs (late expression factor genes). These BmNPV lefs showed
high (73–98%) amino acid sequence identities to AcNPV lefs and were localized to similar positions in the genome. One lef,
p35, was previously characterized in AcNPV and BmNPV deletion experiments. Functional deletion of each of the BmNPV lef
homologues was attempted here by insertion of a b-galactosidase gene cassette into the coding region of each lef. Four of
18 BmNPV lef (39K, ie-2, lef-7, and p35) deletion mutants were successfully isolated, indicating that the other 14 BmNPV lefs
were likely essential for viral replication in cell culture. Further analysis showed that deletion of lef-7, p35, and ie-2 resulted
in lower levels of viral DNA replication, indicating that the BmNPV lef-7, p35, and ie-2 products have stimulating effects on
DNA replication. Deletion of 39K resulted in a significantly lower level of late gene transcription and extremely low (over 102-
fold less at 48– 80 hr p.i.) production of progeny budded virus in BmN cells. In contrast, the deletion did not affect viral DNA
replication, indicating that BmNPV 39K is involved in late gene transcription. Reduced late gene expression presumably affected
production and/or release of progeny budded virus particles. This was corroborated by transmission electron microscopy,
which showed that virus replication was abnormal in BmN cells infected with a BmNPV mutant lacking 39K and virion production
was low. Even though 39K deletion resulted in a loss of oral infectivity, the 39K deletion mutant replicated in silkworm larvae
when injected into the body cavity, as did the ie-2, lef7, and p35 deletion mutants. In addition, a BmNPV homologue of the
baculovirus very late expression factor gene (vlf-1) found in AcNPV was essential, implying an essential function of the BmNPV
vlf-1 homologue at a step before the onset of very late gene expression. q 1997 Academic Press
INTRODUCTION polyhedrosis virus (AcNPV), mainly using a transient ex-
pression assay system in which the expression level of
The baculovirus genome consists of a large (80–180
a reporter gene under late baculovirus promoter control
kb) circular double-stranded DNA. Baculovirus gene ex-
in transfected cells is measured (see Lu and Miller
pression is tightly regulated during viral infection and is
(1995b) and Todd et al. (1996)). Among these lefs, 6 (lef-classified into three distinct phases: early, late, and very
1, lef-2, lef-3, ie-1, dnahel (originally named p143; dnahellate. The onset of late gene expression is coupled with
will be used hereafter) and either dnapol (Kool et al.,the initiation of viral DNA replication (Gordon and Car-
1994) or p35 (Lu and Miller, 1995b)) are believed to bestens, 1984).
essential for viral DNA replication by a transient replica-Baculovirus early genes are transcribed by host RNA
tion assay using a plasmid DNA carrying a putative DNApolymerase II (Glocker et al., 1993; Huh and Weaver,
replication origin of NPVs. Three genes (ie-2 (also re-1990), and late and very late genes are transcribed by
ferred to as ie-n), p35, and pe-38 (Kool et al., 1994), oran a-amanitin-resistant RNA polymerase (Grula et al.,
ie-2, dnapol, and lef-7 (Lu and Miller, 1995b)) likely have1981; Huh and Weaver, 1990), which is induced during
a stimulatory effect on DNA replication. Several Orgyiaviral replication. Baculovirus late and very late gene ex-
pseudotsugata NPV (OpNPV) genes (6 essential and 3pression is uniquely controlled; transcription of late and
stimulatory), which have AcNPV homologues, have beenvery late genes starts within the conserved late/very late
identified by transient assay as essential genes for DNAgene promoter motif sequence (A/T/G) TAAG. All (18)
replication, even though OpNPV has DNA replication ori-viral genes (lefs) essential for late/very late gene expres-
gins of dissimilar sequence structure and has low nucle-sion in Sf (Spodoptera frugiperda) cells have been identi-
otide sequence homology to AcNPV (Ahrens et al., 1995;fied in the genome of Autographa californica nuclear
Ahrens and Rohrmann, 1995a,b). Although AcNPV repli-
cates well in TN-368 cells, the AcNPV lefs identified in
1 Present address: Mitsubishi Kasei Institute of Life Sciences, Ma- Sf cells are not sufficient for late gene expression orchida, Tokyo 194, Japan.
replication of a plasmid DNA containing the AcNPV puta-2 To whom correspondence and reprint requests should be ad-
dressed. tive DNA replication origins, hrs, by transient assays in
35
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TN-368 cells (Lu and Miller, 1995a). An additional viral or second-instar larvae were individually fed plugs of diet
containing approximately 102 or 105 polyhedra, respec-gene, designated hcf-1, is essential for AcNPV DNA repli-
cation in TN-368 cells, indicating the existence of a cell- tively. After 10–12 hr, these larvae were removed to
fresh diet.specific factor for baculovirus DNA replication in some
cell lines.
Viral infection and viral replication in BmN cellsBaculovirus genes important for the production of
progeny virions often have only late gene promoters. For
BmN cells were infected with BmNPV at a multiplicity
example, AcNPV vp39, which has only a late gene pro-
of infection (m.o.i.) of 10 as described previously (Maeda,
moter, encodes a major capsid protein that is believed
1989). In all experiments, time ‘‘zero’’ was defined as the
to be essential for viral replication (Passarelli and Miller,
point at which fresh medium was added following the 1-
1993; Thiem and Miller, 1989)). Thus, the lefs should also
hr viral absorption period. Viral replication was examined
be essential for viral replication. Nine lefs (lef-4, lef-5, lef-
by infection of a monolayer of BmN cells (3.8 1 106 cells)
6, lef-8, lef-9, lef-10, lef-11, 39K (pp31), and p47) are likely
in a 60-mm-diameter culture dish with an appropriate
involved at the transcriptional level of baculovirus late
virus. At 1, 5, 12, 24, 30, 36, and 80 hr postinfection
gene expression (Lu and Miller, 1995b). However, since
(p.i.), an aliquot (100 ml) of the culture supernatant was
these studies have been carried out mainly by transient
collected and stored at 57 (and/or 0807 for possible fur-
assay, the true functions of lefs during replication in cell
ther plaque assay) until plaque assay. Viral growth
culture could be subject to misinterpretation. Therefore,
curves were determined by plaque assay using serial
approaches other than transient replication and expres-
10-fold dilutions by the methods described previously
sion assay systems are required for the study of baculovi-
(Maeda, 1989).
rus DNA replication and late gene expression.
In this work we identified AcNPV lef homologues in Construction of plasmids for the deletion of lefs/vlf
the baculovirus, Bombyx mori NPV (BmNPV), and charac-
terized these BmNPV genes. Plasmids for the functional For the construction of plasmids for lef/vlf gene dele-
tions, DNA fragments from DNA fragment librariesinactivation of these 18 genes were constructed and co-
transfected with BmNPV genomic DNA into BmN cells, (Maeda et al., 1991; Maeda and Majima, 1990) carrying
each of 19 lefs/vlf identified by sequencing analysis werein order to isolate BmNPV deletion mutants. We success-
fully deleted four of the lef homologues of AcNPV, BmNPV individually subcloned into pUC derived plasmids (mainly
pTZ19R (Pharmacia Biotech Inc., Piscataway, NJ) fol-39K, ie-2, lef-7, and p35 (Kamita et al., 1993), indicating
that they were not essential for viral replication. Subse- lowed by pUC18/19). Insertion of a 3-kb-long b-galactosi-
dase gene cassette with a Drosophila melanogaster heatquently, we showed that BmNPV 39K was involved in late
gene expression and that lef-7 and ie-2 were involved in shock promoter (hsp70) (designated LacZ) into each lef/
vlf coding region was carried out as follows: Relativelyviral DNA replication. The gene functions determined by
this study are consistent with the results obtained by short DNA fragments (2–7 kbp in length) carrying the
targeted genes were subcloned into a polylinker of thetransient assay. We used transmission electron micros-
copy to examine the morphology of these four deletion pUC plasmid. Two (one in the case of the deletion of lef-
6) restriction endonuclease recognition sites found onlymutants to relate molecular biological findings to virus
morphology. in the coding region of each lef/vlf were cleaved, and the
plasmids were then treated with the Klenow fragment of
DNA polymerase I and ligated with LacZ by blunt-endMATERIALS AND METHODS
ligation. LacZ was prepared from pLacZ (Kamita et al.,
Cell lines, viruses, and silkworms
1993) by digestion with BamHI and XbaI followed by
Klenow treatment. Since a region within the hsp70 pro-The BmN (BmN-4) cell line was maintained with TC-
100 supplemented with 10% fetal bovine serum as de- moter of LacZ is slightly active as a promoter in Esche-
richia coli, the resulting blue bacterial colonies werescribed previously (Maeda, 1989). The BmNPV T3 isolate
(wild-type) (Maeda et al., 1985) and BmNPV deletion mu- propagated and analyzed by restriction endonuclease
digestion. DNA fragments used for construction and re-tants were propagated on BmN cells. Larvae of the silk-
worm B. mori were reared on artificial diet at 267 (Chou- gions that were deleted are shown in Fig. 1B with nucleo-
tide numbering originating from the translational start ofdary et al., 1995). In vivo infection was carried out by
subcutaneous injection of 10 ml each of a viral suspen- the polyhedrin gene of BmNPV (see GenBank: L33180).
Resultant plasmids used for cotransfection were desig-sion (2 1 105 PFU) containing kanamycin (6 mg/ml) into
anesthetized (by immersion in ice water) fourth-instar B. nated pLef2D, pLef1D, pLef6D, p39KD, pLef11D, pP47D,
pLef8D, pLef10D, pLef9D, pDnapolD, pLef3D, pVlf1D,mori larvae. Infected larvae were placed in paper cups
and reared on artificial diet. In order to examine oral pLef4D, pDnahelD, pLef5D, pLef7D, pP35D, pIe1D, and
pIe2D, for deletion of lef-2, lef-1, lef-6, 39K, lef-11, p47,infectivity, polyhedra prepared from infected BmN cells
(Choudary et al., 1995; Maeda, 1989) were used. First- lef-8, lef-10, lef-9, dnapol, lef-3, vlf-1, lef-4, dnahel, lef-5,
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lef-7, p35, ie-1, and ie-2, respectively (Fig. 1B). Insertions Dot-blot analysis
of LacZ into the target genes were confirmed by sequenc-
Measurements of viral DNA replication were carrieding using two primers (that bind the ends of LacZ) and the
out by dot-blot analysis as reported by Morris and Millerdideoxy chain termination method (Maeda et al., 1991).
(1993). Cell monolayers (11 106 cells) in 35-mm-diameter
culture dishes were infected with wild-type or deletion
Isolation of deletion mutant viruses mutant viruses at an m.o.i. (PFU/cell) of 10. At 1, 5, 12,
24, 36 and 48 hr p.i., cells were scraped with a rubberWe attempted to delete BmNPV lefs by homologous
policeman, collected, washed with 11 phosphate-buf-recombination between wild-type BmNPV DNA and the
fered saline (PBS), and stored at 0807. DNA from 104deletion plasmids described above, following cotransfec-
cells was denatured by boiling with 10 M NaI for 10 min,tion in BmN cells by a calcium-phosphate method used
blotted to a nitrocellulose BA-85 filter (Schleicher andfor recombinant baculovirus expression vectors (Maeda,
Schuell, Keene, NH), and fixed using a UV cross-linker.1989). BmNPVs with deletions of target genes were
DNA bound to the filter was subjected to hybridizationscreened and isolated by plaque assay with an overlay
with BmNPV genomic DNA nick-translated with [a-32P]-containing 0.2 mg/ml of 5-bromo-4-chloro-3-indolyl-b-D-
dATP. Hybridization signals were quantified by scanninggalactoside (X-Gal) as described previously (Ohkawa et
with an Atto Densitograph 4.0 densitometer and wereal., 1994). A pure isolate was propagated in BmN cells
expressed as a percentage of the wild-type BmNPV con-and stored at 57 until use. Successfully isolated deletion
trol signal.mutants were designated Bm39KD, BmLef7D, BmIe2D,
and BmP35D (Kamita et al., 1993), for the deletion of 39K,
Northern blot hybridizationlef-7, ie-2, and p35, respectively. Deletion mutants were
propagated in BmN cells and titered by plaque assay as Poly(A)/ RNA was isolated from approximately 1 1 107
described previously (Maeda, 1989). BmN cells (in 100-mm-diameter culture dishes), which
were infected at an m.o.i. of 10 of appropriate viruses.
Southern blot hybridization Cells were harvested at either 4 or 17 hr p.i., washed
once in ice-cold 11 PBS, and homogenized using QIA-
In order to confirm the insertion of LacZ at the lef/vlf shredder (QIAGEN, Chatsworth, CA). Poly(A)/ RNA was
loci, DNAs of deletion mutant BmNPVs were analyzed then extracted by binding to oligo(dT)-cellulose using an
by restriction endonuclease and Southern blot analyses Oligotex Direct mRNA Mini Kit (QIAGEN). Released RNA
as described previously (Majima et al., 1993). Deletion was electrophoresed (2 hr) in a formaldehyde denaturing
of p35 in BmP35D had been previously confirmed by gel (1% agarose) in 0.02 M morpholinopropanesulfonic
functional analysis (Kamita et al., 1993). Genomic DNAs acid (Mops) buffer (Kamita et al., 1993). Following electro-
extracted from viral particles of wild-type BmNPV or of the phoresis, RNAs were denatured, transferred to a Zeta-
three mutant BmNPVs (Bm39KD, BmLef7D, and BmIe2D) Probe nylon membrane (Bio-Rad Laboratories, Rich-
were digested with two or three restriction endonucle- mond, CA), and fixed to the membrane. The probe
ases (from among EcoRI, HindIII, PstI, and SacI), electro- BE284BE, containing sequences from the late and very
phoresed in 0.7% agarose gels in Tris–acetate buffer, late BmNPV genes orf1629 and poly (the polyhedrin
transferred to nylon membranes, and subjected to South- gene) (see Fig. 5B), was labeled with [a-32P]dATP using
ern blot hybridization with a probe specific for each lef. a random-primed DNA labeling kit (U.S. Biochemical,
DNA fragments used as probes for 39K and ie-2 were Cleveland, OH) under the conditions given in the manu-
the fragments removed by LacZ insertion (Fig. 1B), i.e., facturer’s protocol.
the HpaI– SacI (Fig. 2A) and AflII–BsrGI (Fig. 2C) frag-
ments, respectively. Since the sequence deleted in lef-7 Transmission electron microscopy
was short, the PflMi– NsiI (Fig. 2B) fragment was used
as a probe for the deletion of lef-7. All DNA fragments BmN cells in 60-mm culture dishes were infected with
wild-type BmNPV or with Bm39KD, BmLef7D, BmIe2D, orwere excised from appropriate plasmids by digestion
with the restriction endonucleases that cleave the ends BmP35D at an m.o.i. of 10. Three days later, one dish
of each of the infected cells and one dish of healthyof the fragments, followed by purification using agarose
gel electrophoresis as described previously (Ohkawa et (uninfected) cells were harvested for transmission elec-
tron microscopy. In addition, one dish of Bm39KD-in-al., 1994). The DNA fragments were labeled with [a-32P]
dATP by nick translation, denatured by boiling (10 min), fected cells was harvested 4 days p.i. Cell suspensions
were centrifuged at low speed and pellets were gentlyand hybridized to nylon membranes at 427. Blots were
washed twice with 21 SSC (11 SSC is 0.15 M NaCl plus resuspended in 100 ml of 0.4% SeaKem Gold agarose
(FMC, Rockland, ME) in TC-100 medium at 457 in 1.5-ml0.015 M sodium citrate)–0.1% SDS for 20 min and once
with 0.11 SSC–0.1% SDS, dried, and exposed to X-ray centrifuge tubes. Agarose plugs containing cells were
removed from the tubes, sliced into 1-mm-thick discs,film.
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FIG. 2. Restriction endonuclease and Southern blot analyses of the deletion of BmNPV lef homologues, 39K (A), lef-7 (B), and ie-2 (C), from the
viral genome by LacZ insertion. Restriction endonuclease patterns stained with ethidium bromide are shown at the top left of each panel with the
positions of size (kbp) markers of l DNA cleaved with HindIII indicated to the left. ‘‘W’’ and ‘‘D’’ represent wild-type and deletion mutant BmNPVs,
respectively. Southern blot analysis is shown at the top right of each panel. The bottom of each panel shows a physical map of the area around
each gene deleted by LacZ insertion, with the location of DNA fragments used for restriction endonuclease analysis of LacZ insertion. Open arrows
represent lefs and hatched arrows represent LacZ. Hatched rectangles indicate the positions of probes used for Southern hybridization. Restriction
endonuclease sites are shown. Symbols for restriction endonucleases are: E, EcoRI; S, SacI; P, PstI; H, HindIII. Symbols with boldface characters
indicate the cleavage sites used for restriction endonuclease analysis.
fixed in 2.5% glutaraldehyde in 100 mM Na2K-phosphate, lefs/vlf and their homologues in other NPVs (Kamita et
al., 1993; Chaeychomsri et al., 1995; Kamita and Maeda,pH 7.4, postfixed in 1% osmium tetroxide in the same
buffer, dehydrated in a standard acetone series, and em- 1996b; Maeda et al., 1993; Huybrechts et al., 1992). This
analysis showed that most BmNPV lef/vlf homologuesbedded in Poly/Bed 812 (Ted Pella, Redding, CA). Speci-
mens were sectioned at 100 nm with a diamond knife, have relatively high nucleotide (84–98%) and amino acid
stained with uranyl acetate and lead citrate, and viewed (73–98%) identities to lefs/vlf of AcNPV (Table 1). ie-2
on a Zeiss EM10 or a Phillips EM410 transmission elec- showed the lowest nucleotide (84%) and amino acid
tron microscope. (73%) sequence identities; excluding ie-2, BmNPV lef/vlf
homologues had 90–98% nucleotide and 88–98% amino
acid sequence identities to their AcNPV counterparts.RESULTS
Open reading frame analysis of these gene regions
Nucleotide and deduced amino acid sequence showed a precise matching of start and stop codons
analyses of BmNPV lef/vlf homologues between genes in AcNPV and BmNPV except for the
BmNPV lef-7 and lef-9 homologues. However, BmNPVComplete nucleotide sequence analysis of the BmNPV
lef-7 and AcNPV lef-9 presumably started at the secondgenome (GenBank Accession No. L33180), followed by
ATG, based on the sequence comparison analysis.computer-assisted protein prediction, revealed the exis-
When deduced amino acid sequences of AcNPV andtence of BmNPV homologues of all AcNPV 18 lefs (Lu
BmNPV lefs/vlf were compared in detail, 9 lefs/vlf (lef-6,and Miller, 1995b) and 1 vlf (McLachlin and Miller, 1994).
lef-11, lef-10, lef9, lef-3, vlf-1, lef-5, p35 (Kamita et al.,The genomic locations and transcription directions of
1993), and lef-2) were found to have the same numberthese putative BmNPV lefs and vlf were identical to those
of amino acids with no deletions/insertions betweenof AcNPV lefs and vlf (Fig. 1A). We compared all 19
BmNPV and AcNPV, and eight lefs (lef-1, 39K, p47, lef-8,BmNPV lef/vlf homologues (including the four previously
characterized, p35, dnapol, dnahel, and ie-1) with AcNPV dnapol (Chaeychomsri et al., 1995), lef-4, dnahel (Kamita
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TABLE 1
Characterization of BmNPV lef/vlfs Homologues
Identity
AA
Pos MW NT AA Known function and motif
Gene (bp) Dir Bm (Ac) (kDa) (%) (%) Pro pA in AcNPVa
lef-1 6,292  270 (266) 31.0 96 96 EL DNA replication
lef-6 18,489  173 (173) 20.2 95 93 2 LEF
39K 26,154  277 (275) 31.3 94 92 EL 1 LEF, phosphoprotein
lef-11 26,486  112 (112) 13.0 96 97 e 1 LEF
p47 29,465  399 (401) 47.1 96 98 e LEF
lef-8 38,227  877 (876) 101.6 97 98 1 LEF, RNA polymerase motif
lef-10 39,790  139 (139) 16.7 96 96 L LEF
lef-9 44,402  490 (490) 56.2 96 98 1 LEF, RNA polymerase motif
dnapol 50,453  986 (984) 114.3 97 96 e 2 DNA polymerase
lef-3 54,039  385 (385) 44.7 95 92 1 ssDNA binding
vlf-1 59,329  379 (379) 44.2 97 98 L 1 Integrase and RNA helicase motifs
lef-4 68,591  465 (464) 53.8 98 97 LEF
dnahel 76,145  1222 (1221) 143.5 96 96 2 DNA helicase
lef-5 79,558  265 (265) 31.0 96 97 LEF
lef-7 96,378  212 (226) 24.9 90 88 1 ssDNA binding motif
p35 105,923  299 (299) 34.8 96 91 L 1 Inhibition of apoptosis
ie-1 116,994  584 (582) 66.8 96 96 E Transactivator
ie-2 121,930  422 (408) 48.7 84 73 EL 2 Transactivator
lef-2 127,652  210 (210) 23.6 96 95 eL 3 DNA replication
Note. Pos, position of the left side of the ORF in the physical map; Dir, direction of gene transcription; AA, size in amino acids; NT, size in
nucleotides; Pro, conserved promoter motifs; pA, poly(A)/ signals within 120 bp of the translational start site; E, early promoter motif (TATA . . .
20–25 bp . . . CAGT within 180 bp); e, enhancer-like element (CGTGC) within 210 bp; L, late promoter motif ((A/G/T)TAAG within 160 bp).
a See Lu and Miller (1995a) for references for all lefs/vlf.
and Maeda, 1996b; Maeda et al., 1993), and ie-1 (Huy- repeated glutamines, which is found in AcNPV ie-2 (Fig.
3, underlined), was substituted in BmNPV ie-2 by a glu-brechts et al., 1992)) had 1 to 4 amino acid deletions/
insertions between BmNPV and AcNPV. Deletions/inser- tamic acid repeat due to a frameshift mutation. The corre-
sponding region in OpNPV has a 30 a.a. insertion (Theil-tions of these eight lefs occurred mainly in the N-terminal
or the C-terminal regions. AcNPV lef-7 had 1 and 13 mann and Stewart, 1992) compared to ie-2 of AcNPV.
Additionally, in AcNPV, two tandemly-repeated serine-amino acid insertions compared to the lef-7 homologue
as described above. ie-2s of AcNPV and BmNPV had rich (QPSSSSRS) sequences are found near the N-termi-
nus of ie-2 (Carson et al., 1991), and in BmNPV fourvarious deletions/insertions and amino acid substitutions
as described below. serine-rich sequence repeats similar to the AcNPV motif
were found. A serine-rich sequence is not found in theAlthough 17 BmNPV lefs/vlf homologues had highly
conserved peptide lengths compared to AcNPV lefs/vlf, corresponding region of OpNPV (Theilmann and Stewart,
1992) presumably due to a large deletion (Fig. 3). A zincamino acid substitutions occurred at a frequency of about
5%. These mutations were generally dispersed through- finger motif (Fig. 3, underlined), similar to those identified
in AcNPV and OpNPV ie-2 (Theilmann and Stewart, 1992),out the coding regions. Conserved amino acid sequence
motifs in lefs/vlf between BmNPV and AcNPV were com- was also found in BmNPV ie-2. Serine- and proline-rich
sequences, which are relatively conserved betweenpared. These motifs include a consensus triphosphate-
binding motif of lef-1, a putative nuclear target signal of AcNPV and OpNPV, were also found at 165 and 197 a.a.
of BmNPV ie-2. Additionally, BmNPV and OpNPV ie-2lef-6 and 39K, a DNA-directed RNA polymerase motif of
lef-8, RNA helicase and integrase motifs of vlf-1, and a were much more highly conserved between amino acids
125 and 130 compared to BmNPV and AcNPV ie-2, duesingle-stranded DNA-binding sequence motif of lef-7.
The low amino acid sequence identity of BmNPV and to 2 insertions (4 and 6 amino acids) in AcNPV (Fig. 3,
underlined).AcNPV ie-2 was primarily due to large insertions and/or
deletions. Interestingly, these insertions and/or deletions When BmNPV and OpNPV amino acid sequences
were compared, identities averaged 50% (data notwere found in two sequence motifs which in ie-2 of
AcNPV and OpNPV are considered to play important shown) and were similar to previously reported identities
between AcNPV and OpNPV (see Ahrens and Rohrmann,roles in transactivation of other viral genes (Carson et
al., 1991; Theilmann and Stewart, 1992). A sequence of 1995a).
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FIG. 3. Amino acid sequence comparison of the BmNPV ie-2 homologue with OpNPV and AcNPV ie-2s. Amino acid sequences of the corresponding
OpNPV ie-2 and AcNPV ie-2 are shown above and below the BmNPV sequence, respectively. Dashes indicate residues missing in the corresponding
amino acid sequence and dots indicate identical amino acids. Consensus sequence motifs (see Results) are underlined.
The 5* regions of BmNPV lefs/vlf were screened for in recombinant baculovirus experiments for insertion of
a foreign gene into the polyhedrin gene locus (Maeda,baculovirus early promoter consensus sequences: TATA/
CAGT (TATA followed by CAGT with a 20- to 25-bp dis- 1994). In a second plaque assay screen, blue plaques
were again found for many deletion constructs. After ex-tance in between (Blissard et al., 1992)) and the con-
served CGTGC sequence (Lu and Carstens, 1993). tensive plaque purification (at least four rounds), three
(excluding p35) BmNPV deletion mutants (confirmed byBmNPV lef-1, 39K, lef-9, ie-1, and ie-2 contained the
TATA/CAGT motif within 180 bp of the putative transla- Southern blot analysis as described below) were com-
pletely purified. These deletion mutants were Bm39KD,tional start sites and BmNPV lef-11, p47, dnapol (Gomi
et al., 1994), and lef-2 contained the CGTGC motif within BmIe2D, and BmLef7D, representing deletions of 39K, ie-
2, and lef-7, respectively. Restriction endonuclease and210 bp of the putative translational start sites (Table 1).
In addition, BmNPV lef-1, 39K, lef-10, vlf-1, p35 (Kamita Southern blot analyses were carried out for Bm39KD,
BmIe2D, and BmLef7D to confirm the insertion sites andet al., 1993), ie-2, and lef-2 contained the consensus se-
quence ((A/G/T)TAAG) of late gene promoters within 160 deletions in these viruses.
bp of the putative translational start sites. In a more de-
Effects of deletion of the four lefs on viral growth,tailed comparison, the 5* flanking regions of the 15 lefs/
infectivity, DNA replication, and late gene transcriptionvlf were somewhat conserved between BmNPV and
AcNPV (Ayres et al., 1994) (data not shown). In order to study how virus replication was affected by
deletion of each of the four nonessential lefs, we exam-
Isolation of BmNPV mutants with deletions
ined virus growth, viral DNA replication, and late gene
of lef/vlf genes
transcription. Viral growth of one of the lef deletion mu-
tants, BmP35D, has been shown to be normal comparedIn order to examine the importance and function of
lefs/vlf, attempts were made to delete each lef. First, DNA to that of the wild-type virus, although infected BmN cells
exhibited the initial processes of apoptosis: protrusionfragments covering the targeted lefs were subcloned into
pUC plasmids. LacZ was then inserted to disrupt the and blebbing of the cell membrane (Kamita et al., 1993).
As shown in Fig. 4, two mutants, BmLef7D and BmIe2D,coding regions (Fig. 1B). Correct insertion of LacZ was
confirmed by determination of sequences adjacent to grew normally and reached a plateau of 2 1 108 to 8 1
108 PFU/ml. However, Bm39KD showed a significantlyeach gene cassette by dideoxy nucleotide sequencing.
Deletion mutants were generated by cotransfecting retarded growth pattern throughout infection. Induction
of growth was first observed at 12–24 hr p.i., but thethe deletion plasmids with BmNPV DNA into BmN cells.
LacZ-containing transformants were detected by plaque increasing ratio of virus titer was much lower compared
to other deletion mutants and to the wild-type virus. Theassay on BmN cells with a second overlay containing X-
Gal. The ratio of blue to white plaques was usually be- maximum titer and the titers between 24 and 80 hr p.i.
were 100- to 1000-fold lower. In addition, polyhedra pro-tween 0.1 and 1%, which is comparable to that obtained
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12 hr p.i. approximately 10 ng of viral DNA was detected
in BmN cells infected with BmLef7D, BmIe2D, and
BmP35D. A considerably larger amount (20–30 ng) of
viral DNA was detected in BmN cells infected with wild-
type BmNPV or with Bm39KD (Fig. 5). Quantification of
dot-blot signals by densitometry confirmed that viral DNA
replication in Bm39KD-infected cells approached that of
wild-type-infected controls (93% of control), whereas viral
DNA replication in BmLef7D-, BmIe2D-, and BmP35D-
infected cells was considerably lower (23, 76, and 58%,
respectively). At 24 hr p.i., BmP35D-infected cells showed
20–30 ng of viral DNA, BmLef7D- and BmIe2D-infected
cells showed 50–80 ng, and wild-type BmNPV, Bm39KD,
and BmLef7D infected cells showed at least 100 ng viral
DNA. At 36 and 48 hr p.i., BmN cells infected with each
of the deletion mutants and wild-type BmNPV showed
strong signals, indicating the presence of large amounts
of viral DNA (at least 200 ng). These results were con-
FIG. 4. Growth curves of four deletion mutants in BmN cells. A BmN firmed by repeated experiment. This study indicated that
cell monolayer was infected at an m.o.i. of 10 and cultured at 277. At
p35, lef-7, and ie-2 were involved in viral DNA replication1, 5, 12, 24, 30, 36, and 80 hr p.i., 100 ml of culture medium was collected
in that they stimulated replication by approximately three-and plaque assayed on BmN cells to determine virus titers.
fold at 10–20 hr p.i., whereas 39K seemed to not be
involved in viral DNA replication.
Northern hybridization experiments were carried outduction of BmN cells infected with Bm39KD was signifi-
cantly lower; some cells contained similar numbers of in order to examine the effects of lef deletions on viral
transcription (Fig. 6). The probe, BE284BE, which coverspolyhedra compared to those of wild-type BmNPV, but
many cells produced significantly lower numbers of poly- most of the orf1629 coding region (Possee et al., 1991),
can detect the orf1629 late transcript and the polyhedrinhedra (e.g., 20% of cells produced less than 10% of the
number of polyhedral inclusion bodies produced by wild- very late transcript, but cannot detect any early gene
transcript (Fig. 6B) (Kamita and Maeda, 1993). Northerntype BmNPV).
To examine viral replication in larvae, two infection
strategies, subcutaneous injection with viral suspension
and oral inoculation of polyhedra, were tested. Subcuta-
neous injection of wild-type BmNPV and of all deletion
mutants except Bm39KD into fourth instar larvae caused
death about 5 days p.i., and larvae showed typical symp-
toms of BmNPV infection. Larvae infected with Bm39KD
died about 6 days p.i. No significant differences in symp-
toms, except for time to death, caused by infection with
any of the four deletion mutants were observed. To exam-
ine the oral infectivity of the deletion mutants, first- or
second-instar larvae were orally inoculated with polyhe-
dra of deletion mutants and wild-type BmNPVs. Larvae
infected with BmP35D, BmIe2D, BmLef7D, and wild-type
BmNPV died 5 to 6 days postinoculation. However, all
individuals infected with Bm39KD survived and grew nor-
mally (pupated and emerged to adult), indicating that 39K
is involved in oral infectivity.
Viral DNA replication was examined by dot-blot analy-
sis of whole cell-extracted DNA using viral DNA (128 kb)
as a probe (Fig. 5). At 1 and 5 hr p.i., a long exposure of
FIG. 5. Dot-blot analysis of DNA replication of deletion mutants inthe membrane to film (data not shown) showed about
BmN cells. Total cell DNA was isolated from infected cells at the time1–2 ng of viral DNA per 104 cells, which was considered
(hr) p.i. shown at the far left. For the quantification of synthesized viral
to be the background level. No detectable viral DNA repli- DNA, BmNPV DNA (amounts as shown below) was used as a standard.
cation was found at 1 and 5 hr p.i. in BmN cells infected The name of the lef deleted in each mutant (as well as wild-type
BmNPV) is shown above.with each deletion mutant or with the wild-type virus. At
AID VY 8457 / 6a2f$$$$$3 03-11-97 01:19:05 vira AP: Virology
43HOMOLOGUES OF BACULOVIRUS BmNPV
of infection (data not shown). Evidence of viral infection
in nearly all of the remaining cells consisted of nuclear
hypertrophy, disruption of the nuclear envelope (Figs.
7D and 7F), peripheral displacement or disintegration of
chromatin (Fig. 7C), aggregation of mostly unfilled cap-
sids usually associated with or near the nuclear envelope
(Figs. 7E and 7F), abnormally shaped (curled) virion enve-
lopes (Fig. 7E), or in rare instances (only two cells identi-
fied), production of normal, singly enveloped, embedded
nucleocapsids resembling those of wild-type BmNPV
(Fig. 7B). Infection by BmP35D, BmLef7D, or BmIe2D pro-
duced virus morphologies resembling those of wild-type
BmNPV in terms of virion and polyhedron structure (Figs.
7G–7I). However, nearly all of the cells infected with
BmP35D exhibited some degree of premature cell death.
Most of these cells had lost much of their cytoplasm or
FIG. 6. Northern blot analysis of late gene expression of BmNPV
had nuclear and plasma membranes that had ruptureddeletion mutants in BmN cells. (A) Hybridization of probe BE284BE
at a stage of infection in which polyhedron production(Kamita and Maeda, 1993) is shown with size standards indicated to
the right in kilobases. Major hybridized transcripts are indicated to the was incomplete (Fig. 7G).
left by arrowheads. The name of the lef deleted in each mutant (as
well as wild-type BmNPV) is shown above. (B) The location of the probe,
DISCUSSIONBE284BE, is shown with the polyhedrin and orf1629 genes. Arrows
indicate late (from right to left for the orf1629 gene) and very late (from
We have identified 19 lef/vlf homologues in the BmNPVleft to right for the polyhedrin gene) transcripts.
genome. They were located at positions corresponding
to those of AcNPV and had relatively high nucleotide
blot hybridization using this probe revealed that patterns and deduced amino acid sequence homologies to their
of late and very late gene transcripts from BmP35D-in- AcNPV counterparts (Table 1). The high identity between
fected BmN cells were quite similar to those of wild-type BmNPV and AcNPV lefs/vlf is similar to that reported
BmNPV-infected BmN cells. Northern blot analysis using previously in the cases of many other genes (see Majima
wild-type virus and the four deletion mutant viruses indi- et al., 1993). Considering the distinct phenotypic and bio-
cated no detectable transcription at 4 hr p.i. (Fig. 6A). At logical characteristics of AcNPV and BmNPV, this similar-
18 hr p.i., two transcripts (1.4 and 2.3 kb) were detected ity is quite unique among baculoviruses. Because of this
in all samples. However, the intensities of the bands of similarity, BmNPV and AcNPV are useful for studies of
the Bm39KD sample were extremely low (about 10% of lef/vlf function, for example by examining recombination
those of the other mutants). The 1.4-kb transcript corre- between the two viruses, as described previously (Kondo
sponded to the polyhedrin transcript and the 2.4-kb tran- and Maeda, 1991). We have previously shown that one
script corresponded to the orf1629 transcript, based on lef (dnahel) plays an important role in the determination
previously reported studies (Kamita and Maeda, 1993) of of host range of AcNPV (Kamita and Maeda, 1996a;
this region. These bands were clearly seen at similar Maeda et al., 1993). In the present study, 4 of the 19
intensities in samples of wild-type BmNPV and BmLef7D. BmNPV lef/vlf homologues were found to be nonessen-
The intensity of the 2.4-kb orf1629 band of wild-type tial for replication in BmN cells. The effects of the deletion
BmNPV seemed to be essentially similar to that of the of the BmNPV lefs on viral replication are summarized
other two deletion mutants, but the higher rate of late in Table 2. From these results, we presume that 15 of
gene expression of these mutants was observed in re- the 19 lef/vlf genes are essential for viral replication in
peated experiments. BmN cells.
Deletion of BmNPV lef-7 and ie-2 reduced viral DNA
Ultrastructural analysis of BmNPV deletion mutants in
replication by two- to threefold in BmN cells, indicating
BmN cells
that they can stimulate viral DNA replication, but are
nonessential. These results are in agreement with resultsInfection of BmN cells by wild-type BmNPV produced
normal, singly enveloped, embedded nucleocapsids 3 obtained by transient expression/replication assays us-
ing AcNPV, which showed relatively low activation by lef-days p.i. (Fig. 7). Infection by Bm39KD was slowed, pro-
duced anomalous virion envelopes, seldom resulted in 7 compared to the other lefs (Morris et al., 1994), and a
stimulative but nonessential role of lef-7 and ie-2 in DNAproduction of complete virions, and rarely resulted in
production of a distinct virogenic stroma or of polyhedra replication (Lu and Miller, 1995b). Our data also indicated
that results obtained in transient assays in regard to(Figs. 7B–7F). About half of the cells resembled unin-
fected controls in that they showed no visible evidence baculovirus replication can be accurately reflected in
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TABLE 2
Characterization of BmNPV lef Gene Homologues Nonessential for Replication in BmN Cells
DNA Late gene
Gene Growth replication expression Function
wt ///// ///// //// —
39K // ///// // Late gene transcription
lef-7 ///// // ///// Stimulation of DNA replication
p35 ///// // ND Inhibition of apoptosis
ie-2 ///// // ///// Stimulation of DNA replication
Note. ‘‘/’’ indicates the relative degrees of growth, DNA replication, and late gene expression among mutant and wild-type viruses. ND, not
determined.
vivo. In Trichoplusia ni cells, AcNPV lef-7 and ie-2 do not may activate or prolong (without going into the very late
stage) late gene expression. Activation of other virusshow detectable stimulatory effects on DNA replication
in a transient replication assay (Lu and Miller, 1995a). genes by AcNPV ie-2 has been demonstrated (Carson
et al., 1991). Higher rates of amino acid substitutions inAlthough AcNPV cannot replicate in BmN cells, the con-
sistency of the functional roles of AcNPV and BmNPV these genes may be related to the essential nature of
lef-7 and ie-2 and/or host-specific adaptation. Dramaticlef-7 and ie-2 in nonoverlapped hosts was revealed. Inter-
estingly, nucleotide sequence analysis (GenBank: amino acid substitutions, including those within im-
portant domains of ie-2, between BmNPV and AcNPV,L33180) indicated that BmNPV lacked hcf-1, which had
presumably been deleted during the evolutionary diver- may suggest functional importance in different cell lines.
In BmP35D-infected BmN cells, reduction of viral DNAgence from an ancestral AcNPV-like BmNPV to the pres-
ent day BmNPV, based on comparative sequence analy- replication, especially until a later stage of infection (24
hr p.i.) (Fig. 5), likely resulted from the induction ofsis (Maeda, unpublished data).
We saw no retardation of growth in these two deletion apoptosis, which was not blocked, due to the loss of
functional activity of P35 (Kamita et al., 1993).mutants, indicating that sufficient DNA replication for the
production of budded virus particles occurred. Electron Deletion of BmNPV 39K resulted in a considerable de-
crease (approximately 10-fold) in late gene transcription,microscopic observation of cells infected with these mu-
tants did not show a detectable reduction in the number indicating an important but not essential role of this gene
in viral replication of BmNPV. The importance of this geneof incorporated occluded virions in polyhedra. It is still
possible that stimulation of DNA replication in vivo (or in was evidenced by very poor (100-fold or less) production
of budded virus. Furthermore, a lack of oral infectivity, lowspecific tissues) by either of these genes may result in
higher production of budded virions and/or occluded polyhedra production, and poor formation of virogenic
stroma in the nucleus were observed. It has been pre-virions.
It is interesting to note that (1) deletion of these two sumed that AcNPV 39K is involved in transcription of
baculovirus late genes based on transient transcriptionlefs resulted in higher late gene expression and that
(2) these two lefs, especially ie-2, had more amino acid assays (see Lu and Miller, 1995b) or in formation of viro-
genic stroma based on immunostaining (Guarino et al.,substitutions between BmNPV and AcNPV compared to
other lefs/vlf (see Table 1). Higher late gene expression 1992). Although the two different presumed functions of
AcNPV 39K seem to be unrelated, using the BmNPV 39Kin BmN cells infected with either BmLef7D or BmIe2D
was consistently observed in several repeated experi- homologue we simultaneously demonstrated both phe-
nomena—a dramatic reduction of late gene expressionments. There are several possible explanations. For ex-
ample, these lefs may transactivate expression of other was shown by Northern analysis (Fig. 6), and improper
formation of virogenic stroma was shown by transmis-early and/or late genes, and reduced DNA replication
FIG. 7. Electron micrographs of BmNPV wild-type (A) and deletion mutant (B–I) viruses in BmN cells 3 days (A, C–I) or 4 days (B) after infection.
(A) Wild-type BmNPV infection produces normal, occluded virions; viral occlusion (polyhedron) (vo), virion (v), virion (ve) envelope, nuclear envelope
(ne). (B–F) Examples of cell and virus morphologies in Bm39KD-infected cells. (B) Growing polyhedron from a Bm39KD-infected cell that produced
normal, occluded virions. Virions from nearby virogenic stroma (vs) are captured in growing polyhedron. (C) BmN cell probably in an early stage of
virus infection. Nuclear envelope (ne) is disrupted and chromatin (ch) is peripherally displaced, but capsids, nucleocapsids, virions, virogenic stroma,
and polyhedra are not present. (D) Bm39KD-infected cell producing nucleocapsids (arrow and inset). Distinct virogenic stroma is absent and
nucleocapsids are produced throughout the nucleus. (E) Nucleocapsids (n), capsids (c), anomalous curly virion envelopes (ve), and nucleocapsid
being enveloped (ne). (F) Aggregate of empty (ec) and filled (fc) capsids and extremely convoluted nuclear envelope (ne). (G) BmP35D-infected cell
undergoing premature cell death. Cell cytoplasm (cy) has been mostly lost and nuclear envelope (ne) has ruptured causing spillage of nascent
polyhedra. (H) Mature polyhedron from a BmLef7D-infected cell. (I) Mature polyhedron from a BmIe2D-infected cell. Bars represent 0.5 mm.
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sion electron microscopy (Fig. 7). Either one of these tions. We expect that more detailed analyses can be
done using deletion experiments for the study of thesecould be the primary function of 39K, which might lead
to the other phenomenon; poor late gene transcription lefs, especially in larval hosts.
may result in poor formation of virogenic stroma, or vice
versa. The loss of oral infectivity of Bm39KD seems to ACKNOWLEDGMENTS
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